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Abstract 

The genus Phytophthora represents a group of plant pathogens with broad global 
distribution. The majority of them causes collar and root-rot of diverse plant species. Little is 
known about Phytophthora communities in forest ecosystems, especially in Neotropical forests 
where natural enemies could maintain the huge plant diversity via negative density 
dependence. We characterized the diversity of soil-borne Phytophthora communities in the 
North French Guiana rainforest and investigated how they are structured by host identity and 
environmental factors. In this little-explored habitat, 250 soil cores were sampled from ten plots 
hosting ten different plant families across three forest environments (Terra Firme, Seasonally 
Flooded and White Sand). Phytophthora diversity was studied using baiting approach and 
metabarcoding (High Throughput Sequencing) on environmental DNA extracted from both soil 
samples and baiting-leaves. These three approaches revealed very similar communities, 
characterized by an unexpected low diversity of Phytophthora species, with the dominance of 
two cryptic species close to Phytophthora heveae. As expected, Phytophthora community 
composition of French Guiana rainforest was significantly impacted by the host plant family 
and environment. However, these plant pathogen communities are very small and are 
dominated by generalist species, questioning their potential roles as drivers of plant diversity 
in these Amazonian forests. 
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Introduction 

Neotropical forests are major diversity hotspots for plants (Jablonski et al., 2006; 
Antonelli & Sanmartin, 2011; Ter Steege et al., 2013). Amongst the multiple hypotheses 
proposed to explain how plant species coexistence is promoted in these especially diverse 



forests (Wright, 2002), environmental filtering and negative density dependence of host-
specific natural enemies have been highlighted (John et al., 2007, Mangan et al., 2010, 
Philipson et al., 2012; Bever et al., 2015). Indeed, the role of pathogens in the maintenance 
and structure of plant diversity has been a major topic in community ecology (Alexander, 2010; 
Keesing et al., 2010), especially in Neotropical forests (Mangan et al., 2010; Terborgh, 2012; 
Bagchi et al., 2014). The Janzen-Connell hypothesis could explain the maintenance of plant 
diversity by an accumulation of host-specific natural enemies near reproductive adults that 
affects their offspring in the vicinity, thus limiting host plant species abundance and aggregation 
(Janzen, 1970; Schupp, 1992; Mills, 1998). This hypothesis requires that natural enemies have 
a significant degree of host specialization, even if they do not have to be strict species-level 
specialists (Bagchi et al., 2014; Bever et al., 2015). Alternatively, pathogens may be generalists 
and structured more by environmental filtering and biogeographic history than by host plant 
community structure (Bever et al., 2015). 

Because the genus Phytophthora contains important plant pathogen species, often 
Phytophthora species are often involved in seedling mortality, with a worldwide presence and 
an important economic impact (Hansen, 2015). These pathogens could represent a good 
target to study Janzen-Connell effects and host specialization in Neotropical forests. Indeed, 
Phytophthora species exhibit a large diversity of aggressiveness and host range (Erwin and 
Ribeiro, 1996). By 2018, the genus encompassed 173 described species and eight hybrids, 
with an estimation of 326 total species (Scott et al., 2018), divided in twelve phylogenetic 
clades, corresponding to aquatic opportunists, foliar pathogens, or soil-borne pathogens 
(Hansen, 2015). However, Phytophthora communities have been understudied in Neotropical 
forests. 

The few studies on Phytophthora in tropical forests have focused on characterizing 
Phytophthora diversity, without explicit focus on the factors shaping these communities. For 
example, Zeng et al., 2009, found 14 species in the tropical island of Hainan, sampled from 
plant materials, soils or water at five locations, although only five species were found in forest. 
In their study across Australia, Burgess et al., 2019, sampled 20 locations in the 
subtropical/tropical Queensland and found 13 Phytophthora species, among which the most 
frequent were P. cinnamomi and P. heveae. Wallace, 2015, showed that Phytophthora 
diversity could be relatively high in Neotropical forests of Costa Rica, with 21 species found in 
various forest locations. Some species such as P. cinnamomi, P. heveae, P. castaneae were 
common across these studies and appear to be widespread in tropical forests (Zeng et al., 
2009, Wallace, 2015, Burgess et al., 2017, Jung et al., 2017).  

A traditional method for the study of soil-borne Phytophthora communities is the baiting 
technique. This approach involves use of plant tissues, usually leaves, as baits on which the 
targeted pathogens produce characteristic lesions. Isolation onto selective agar medium from 
the lesions enables detection and determination of species using molecular barcodes. More 
recently, high-throughput sequencing (HTS) methods were applied to study Phytophthora 
communities (Vettraino et al., 2012; Coince et al., 2013; Català et al., 2015; Burgess et al., 
2017, Català et al., 2017; Bose et al., 2018). With this approach, DNA is directly extracted from 
environmental samples (e.g. soil), then DNA barcodes are amplified with Phytophthora-specific 
primers and sequenced for analysis (Scibetta et al., 2012). These methods are less time-
consuming and show greater sensitivity (Shokralla et al., 2012), potentially circumventing 
biases such as seasonal variation of Phytophthora biomass or activity, and possible specificity 
of the leaves used as bait toward some Phytophthora species (Tsao & Ocaña, 1969). Several 
studies have compared these two approaches, (Vannini et al., 2013; Català, 2017; Bose et al., 
2018; Khaliq et al., 2018). The HTS approach generally enables detection of a much higher 
number of Phytophthora taxa. For example, in Bose et al., 2018, five taxa were detected by 
baiting whereas 32 taxa were detected by metabarcoding.  

In this study, we sampled soil at the stem collar of individuals from tree species belonging 
to ten different taxonomic families in each of three soil conditions at two different locations in 
French Guiana. We used baiting/isolation and metabarcoding methods to describe 



Phytophthora communities in these different environments. Our aims were (1) to compare the 
methods (2) to estimate the diversity of these communities and compare it to diversity of other 
tropical and temperate studies, and (3) to unravel the primary factors that structure 
Phytophthora communities in the soils of these Neotropical forest sites. We hypothesized (i) 
that soil metabarcoding will provide greater precision in community estimates than traditional 
baiting techniques, (ii) that Phytophthora richness will be similar to other sampled moist tropical 
forests, higher than that found in temperate forests, and (iii) that host plant identity will play a 
stronger role than environmental filtering in structuring Phytophthora communities. 

Results 

Phytophthora diversity uncovered by baiting & isolation 

Out of the 93 soil samples, 89 produced lesion spots on Rhododendron leaves, 92 on 
Avocado leaves and 91 on Cassava leaves. From these 272 bait leaves, 581 isolates were 
obtained from infection spots, out of which 366 were identified as Phytophthora species (Fig. 
2). Among these Phytophthora isolates, 136 were found in TF soils, 128 in SF soils and 102 in 
WS soils. Phytophthora retrieval success depended on the bait and location (both p<0.001), 
but not on the environment (P= 0.83) or host family (P= 0.42). Fifty out of the 55 samples (91%) 
from the CSG site produced isolates that were identified as Phytophthora through Sanger 
sequencing, while only 24 out of the 38 samples (63 %) from the Laussat site produced 
isolates. Phytophthora strain recovery was high on Rhododendron leaves (167 isolates) and 
Avocado leaves (127 isolates), but lower on Cassava leaves (72 isolates).  

 

Figure 2. Experiment design with the number of samples at each step, from the sampling to 
the metabarcoding or isolation. Among 100 potential “tree families x plots” combinations, 
93 individuals were sampled because some plant families could not be found in all plots. 



The number of lesions per leaf weight was quantified on Rhododendron bait leaves as a 
measure of the presence of live Phytophthora in the baited soils. The number of lesions per 
leaf weight was not related to the location nor to the environment (Fig. 3). However, the number 
of spots was significantly different between host plant families with a strong “family x 
environment” interaction (both p<0.001). Figure 3 shows that while many families had higher 
lesion number on TF environments compared to WS or SF, other families (Malvaceae, 
Moreceae, Myrtaceae) showed limited differences between the environments. 

 

Figure 3. Number of Phytophthora infection spots on Rhododendron leaves per leaf weight. 
Three forest environments have been studied: TF (terra firma), SF (seasonally flooded), 
WS (white sand). 

Sanger sequences of the ITS region of the Phytophthora isolates were approximately 
800 bp in length (min 616 bp - max 876 bp), versus from 373 to 382 bp for RAS-YPT gene. 
Sequencing of the ITS region enabled us to identify five potential species: a species close to 
P. heveae (named here P. heveae-like, 304 isolates), a species close to P. castaneae (named 
here P. castaneae-like, 24 isolates), P. cinnamomi (23 isolates), P. sp. cuyabensis (6 isolates) 
and an undescribed species from clade 9, P. sp. neb_1543 (9 isolates). Isolates identified as 
P. heveaelike, P. castaneae-like and P. sp. cuyabensis showed some heterogeneity of ITS 
sequences, differing for up to 9 bases between P. castaneae-like isolates, up to 4 bases 
between P. heveae-like isolates and 2 bases between P. sp. cuyabensis isolates. ITS 
sequence alignments within either P. cinnamomi isolates or P. sp. neb_1543 isolates showed 
100% homology. Clustering patterns and assignation from RAS-Ypt and ITS sequences were 
similar, although variability between RAS-Ypt sequences was lower (up to 3 bases between 
P. heveae-like isolates, up to 2 bases between P. castaneae-like isolates, and no variability 
among isolates of other species). Three plant species used as bait leaves enabled us to 
retrieve very similar Phytophthora communities, with one exception - P. sp. cuyabensis, the 
least frequent species, was not recovered from Cassava leaves. 



Six P. cinnamomi isolates that were selected randomly among the 23 retrieved isolates, 
produced oospores after crossing with P. cinnamomi mating type A1, and none after crossing 
with mating type A2, suggesting that their mating type corresponded to A2. 

 

Figure 4: Bayesian inference phylogenetic trees of 14 P. castaneae-like and P. heveae-like 
isolates created by concatenation of nuclear genetic markers (ITS, RAS-Ypt, Enolase). 
Reference isolates taken from NCBI are designated by their accession numbers and 
origins in Table S1. Isolates from this study are designated by either P. heveae-like or P. 
castaneae-like. Monophyletic groups of isolates were clustered as groups which were 
used for further analysis. Distances are given in number of substitutions/site. 

Phylogenetic analysis of isolates 

Figure 4 shows the phylogenetic tree built from the three nuclear markers (ITS, RAS-
Ypt, Enolase), either sequenced from the studied set of clade-5 isolates or retrieved from 
GenBank (Table S1). The isolates retrieved from our study clustered into four separate groups. 
Two of them were close to P. heveae, and the two others were phylogenetically close to P. 
castaneae. Bayesian inference of these Phytophthora strains from nuclear data revealed that 
distance between respectively the two P. heveae-like groups and the two P. castaneae-like 
groups from French Guiana were equal or greater than between reference isolates from 
different species of clade-5: P. castaneae, P. cocois, P. agathidicida and P. heveae (Fig. 4). 
Thus, these clade-5 isolates of Phytophthora could potentially belong to new species and were 
treated as such for the rest of this study. These four Phytophthora groups from clade-5 could 



be separated based on the ITS sequence alone, although the Enolase sequence was more 
discriminant. This enabled us to attribute each of the 304 P. heveae-like and 24 P. castaneae-
like isolates retrieved from the baiting/isolation method to one of the 4 groups. On the other 
hand, for mitochondrial markers, all 15 isolates from clade-5 clustered with the reference P. 
heveae (Fig. S1); the mitochondrial phylogeny of the clade-5 isolates was thus not congruent 
with their nuclear phylogeny. While the two P. heveae-like groups could still be separated 
based on their mitochondrial markers, the two P. castaneae-like groups were merged with one 
of the P. heveae-like group.  

The four P. cinnamomi isolates studied did not exhibit polymorphism for any of the 
studied markers. 

Table 1: List of main Phytophthora species identified from environmental samples with the 
three methods, with the proportion (%) of samples containing each species. 

 

Metabarcoding approach and comparison with baiting/isolation 

The mean read number per sample was 618 ± 244 for direct metabarcoding from soil 
samples, and 805± 146 for leaf samples. The samples covering less than 72 reads were 
discarded. Indeed, a minimum depth of 72 reads was the compromise that allowed keeping 
most soil samples, while still describing all species of Phytophthora retrieved in the 
communities. Consequently, 52 soil sample libraries and 223 bait leaves libraries were used 
in the analysis. Both sets of data gave a mean proportion of 1% non-Phytophthora reads. 
Phytophthora reads from these samples were clustered in OTUs with a 99% similarity 
threshold, corresponding to five Phytophthora species only (Table 1). The R2 read length was 
around 400 nucleotides long in the metabarcoding libraries, while the Sanger ITS sequences 
previously discussed were c. 800 nucleotides long. As a consequence, ITS polymorphism of 
these shorter ITS fragments did not allow separation of the two P. castaneae-like groups, nor 
the two P. heveae-like groups, as could be done with the baiting/isolation results. Among the 
species retrieved, the P. heveae complex (P. heveae and/or the P. heveae-like groups) was 
present in every single sample and represented an average of 97% of the Phytophthora reads. 
Other detected species were P. cinnamomi, the P. castaneae complex, Phytophtora. sp. 
neb_1543 and a new putative species from clade 10, Phytophthora sp. nov 10.  

The species communities obtained with the metabarcoding method differed from the one 
retrieved with baiting/isolation methods by one species only found by metabarcoding 
(Phytophthora sp. nov 10) and by one species only found by baiting/isolation (P. sp. 
cuyabensis). As a result, there was a significant difference in the qualitative composition of 
communities retrieved with each of the three methods previously described (p=0.001), with the 
baiting / isolation method showing a lower frequency of the P. heveae complex and an increase 
in the rare species frequency (Table 1). There was no significant difference in the recovered 
Phytophthora communities between the bait leaf species (Rhododendron, Cassava, Avocado) 
(p=0.9).  



 

Figure 5. Proportion (%) of samples in which each of the Phytophthora taxa was retrieved by 
the baiting / isolation method, for (A) the ten sampled plant families and (B) the three 
environment types at both locations. One sample can contain several Phytophthora taxa. 
A: A significant difference was detected between families (p=0.004) but not between 
higher clades (p= 0.166). B: There was a significant difference between the two locations 
Laussat and CSG (p= 0.001) and between environment types (p= 0.017). TF=Terra 
firma. SF=seasonally flooded. WS = white sand. 

Community structure analysis 

The average number of species per plot was 1.4, with a dominance of the P. heveae 
complex as mentioned above. Taking into account the four new putative clade-5 species in the 
analysis of the Phytophthora communities described by the baiting and isolation method, we 
showed a strong location (CSG vs Laussat) effect (p=0.001). Furthermore, a significant effect 
of forest environment (TF, SF and WS) (p=0.017) was also detected (Fig. 5). The Shannon 
and Simpson diversity indices were higher in CSG than in Laussat and were higher in SF and 
TF environments compared to WS (Fig. 5) .A significant effect of host plant family was detected 
(p=0.004), with an interaction between the family and the location (p=0.029). These results 
were congruent with analyses of Bray-Curtis similarity indices computed between communities 
(Table S2). Indeed, these similarity indices computed between the two locations (CSG vs 
Laussat) were low (0.31), while they were above 0.83 between environments. In addition, the 
Shannon and Simpson indices showed important variation between plant families (Fig. 5). 
However, at higher clade levels (Fig. 5A), no effect was detected between Asterids, Rosids 
and Magnoliids (p=0.166). 

To compare baiting/isolation results with metabarcoding results, we had to merge the 
two P. heveae-like species as well as the two P. castaneae-like species, as they could not be 
distinguished in the metabarcoding data. Combining the two approaches, no environment type 
effect was detected (p=0.165). An effect of the host trees taxonomy was still detected at the 



family level (p=0.017), with an interaction with the method used (p=0.014) (Fig. 6). A significant 
location effect between CSG and Laussat was detected with all methods (p=0.001), with a 
strong interaction with the method used (p=0. 002). 

 

Figure 6. Proportion of samples containing the observed species of Phytophthora, grouped by 
environment type (A) and location (B). A: Significant difference between the different 
environment types was detected (p=0.003), with seasonally flooded soils containing 
more rare species. B: Significant difference between the two locations was detected 
(p=0.001). 

Discussion 

Although the observed Phytophthora community structure depended on the approaches 
used, our results validated the benefits of HTS for large-scale surveys. Both HTS and baiting 
approaches uncovered a surprisingly low diversity of Phytophthora in the soils of these two 
French Guiana locations, with only six species retrieved and a strong dominance of the P. 
heveae complex in all samples. Moreover, no host specialist Phytophthora species were 



identified. Despite this low diversity, the communities were to some degree structured by the 
plant hosts with a significant family effect, suggesting a certain degree of host preference.  

Comparison between baiting/isolation and metabarcoding  

Baiting and molecular approaches have been described as complementary (Català et 
al., 2015). Baiting techniques are time-consuming, and they may not detect low inoculum. 
Conversely, metabarcoding methods allow fast and massive pathogen detection. In our study, 
similar patterns were uncovered by the three approaches. Indeed, the three most abundant 
species were retrieved with all methods, and taxa of the P. heveae complex were largely 
dominant. However, the use of bait leaves followed by isolation increased the proportion of 
rare species compared to simple metabarcoding from soil or bait leaves. The isolate 
morphological observations in the initial step of the baiting/isolation method probably biased 
the selection toward rare species. Indeed, baiting could be advantageous to investigate 
communities from larger soil samples (200 ml versus about 0.5 ml). However, it did not enable 
us to detect additional diversity; rather, it proved to be a time-consuming additional step with 
little use in the metabarcoding approach. Our results therefore contrast with previous work in 
which metabarcoding methods were more efficient to describe Phytophthora community 
structure (Vannini et al. 2013; Català, 2017; Bose et al., 2018; Khaliq et al., 2018.). The 
suitability of the baiting/isolation method appears to depend largely on the Phytophthora 
community sampled, on sampling conditions, and on environmental factors. Indeed, baiting 
can be dependent on time of sampling, quantity and type of inoculum in the soil, species and 
size of the bait leaves, as well as soil parameters and origins. Timing of the sampling might for 
example explain the difference in Phytophthora recovery between the two sites we studied, 
which were sampled almost two months apart. One shortcoming of the metabarcoding method 
in this study is its inability to discriminate between the two putative P. heveae-like species in 
addition to the two putative P. castaneae-like species, because of the shorter length of the ITS 
fragment used. The baiting method does enable the isolation of living cultures for further 
characterisation; nevertheless, the less time-consuming metabarcoding from soil DNA was 
sufficient to obtain the bulk of the results in our study.  

Diversity of French Guiana communities of Phytophthora 

The number of putative Phytophthora species observed in these French Guiana soils is 
lower than what is found in other forest ecosystems, even though our study sampled broadly 
across plant species from 10 different families representing the breadth of Angiosperm 
diversity, and across three very different environments. This result is surprising in one of the 
major biodiversity hotspots of the world and given the tendency of other organisms, including 
every studied fungal guild, to increase in diversity at lower latitudes (Tedersoo et al., 2014; 
Willig et al., 2003). Surveys in temperate, Mediterranean and tropical forests of several world 
regions have revealed a diversity of Phytophthora of 4-10 species per sampling location (Jung 
et al., 2000; Balci et al., 2007; Oh et al., 2013; Scanu et al., 2015; Sims et al., 2015; Burgess 
et al., 2017; Català et al., 2017; Bose et al., 2018; Redondo et al., 2018; Mora-Sala et al. 2019). 
As an example, Burgess et al., 2017, found a mean of 5 species per sampling location in a 
wide survey across Australia. 

The low Phytophthora diversity we observed in French Guiana could be explained by 
several factors. First, we investigated two sites both located in the Guyana costal range under 
similar climatic conditions of moist seasonal forests. Wallace, 2015, found a wider diversity of 
Phytophthora in Neotropical forests by investigating locations of differing hygrometry and 
altitude (plain rainforests vs. mountain cloud forests). In the same study, the author suggests 
that a greater diversity can be found in water streams. Also, in our study, we investigated soil 
adjacent to non-symptomatic juvenile trees irrespective of their proximity to conspecific adult 
trees, and host-specific Phytophthora species might not have accumulated on them if they 
were not adjacent to conspecific adults. Finally, even coastal forests in French Guiana receive 



much less exposure to human disturbance than many other tropical and temperate forests. 
Many common Phytophthora species have been shown to be invasive and spread through 
worldwide trade (Santini et al., 2013; Jung et al., 2016), and human occupancy and history of 
trading could be decisive factors for predicting Phytophthora diversity. Indeed, Phytophthora 
diversity has been linked to the degree of anthropogenic disturbance (Dale, 2018; Redondo et 
al., 2018), with the average number of Phytophthora species by location reaching nine in urban 
environments and only six in natural environments (Dale, 2018). In addition, Ruiz Gomez et al. 
(2019) find alpha-diversity of soil pathogenic Oomycetes was not correlated to the alpha-
diversity of plants in Andalusian forests, but it would seem to be more related to the nature of 
the fungal community present in the soil. This calls for more standardized community 
descriptions in various parts of the world, especially tropical areas, which would allow future 
meta-analyses of Phytophthora diversity and composition, perhaps in link with other soil micro-
organisms communities such as fungi. 

Strikingly, the three dominant Phytophthora groups we observed in French Guiana, 
P. heveae, P. castaneae and P. cinnamomi are also the dominant Phytophthora groups in 
Hainan and Queensland soils (Zeng et al., 2009; Burgess et al., 2017). This suggests a 
similarity of the Phytophthora communities in tropical soils from South Asia to Australia and 
South America. For P. heveae and P. castaneae, this similarity could be spurious, as we found 
that they are likely closely related but different species. The low, but recurrent, nucleotide 
polymorphism of ITS sequences obtained from genotyped strains further suggests a potential 
species complex. The analysis of additional markers confirms that both putative species are 
heterogeneous and probably distinct from P. heveae and P. castaneae. The existence of 
isolates close but distinct from P. heveae and P. castaneae have already been reported by 
Zeng et al., 2009, in Hainan. Clade 5 has therefore recently been revised (Weir et al., 2015). 
However, part of the taxon of this P. hevea and P. castaneae species complex could be hybrid. 
Indeed, hybridization has been shown to be a common feature in natural populations of 
Phytophthora (Burgess et al, 2015). Thus, the discrepancy between the nuclear and 
mitochondrial markers of the P. heveae and P. castaneae complexes could be an indicator of 
hybridization events. In addition, the ambiguity on topology of both phylogenetic trees could 
possibly be due to an introgressive hybridization of a P. heveae-like 2 mitochondrial genome 
in the two P. castaneae-like groups, as mitochondrial genes are inherited as a block during 
these events (Rubinoff & Holland 2005, Bachtrog et al. 2006). 

P. cinnamomi is considered invasive in more than 70 countries (Erwin & Ribeiro, 1996), 
and the six isolates we tested showed 100% homology in the 6 tested loci. Furthermore, these 
six randomly selected isolates all belong to only one mating type, which does not suggest a 
native P. cinnamomi population (Erwin & Ribeiro, 1996). P. cinnamomi might therefore be an 
invasive species in French Guiana, although we cannot confirm this result without testing 
mating type of all the isolates. This opens the question whether the similarity of Phytophthora 
communities in the soils of tropical areas is due to cryptic speciation and/or to human-mediated 
invasions.  

Structure of the Phytophthora communities 

The quantity of Phytophthora retrieved on bait leaves showed differences according to 
forest “environment x host family” interaction, with some families having especially high 
numbers of lesions on bait leaves in the TF environment. Owing to the large dominance of the 
P. heveae complex, this result probably refers mostly to P. heveae-like species. The fact that 
Oomycete mycelial growth is severely impaired in sandy soils compared to loamy soils 
(Lumsden, 1981) coupled with studies showing that many Phytophthora do not develop well in 
low pH soils (Jung et al., 2000) could explain the low quantity in white sand soils for most 
families. However, it is more surprising that seasonally flooded soils were not more favourable, 
as high hygrometry is generally favourable to the multiplication of Phytophthora species (Erwin 
& Ribeiro, 1996), especially since higher Phytophthora diversity was observed in this 
environment. The sampling season is probably crucial: the soils were sampled in the two 



studied locations during very wet periods and thus the situation was very favourable also in TF 
environment. Still, all sampling was achieved in a relatively short timeframe in each location, 
rendering unlikely any bias between environments induced by the climatic conditions under 
which samples were collected. 

A host plant effect at the family level clearly shaped the composition of Phytophthora 
community. However, no Phytophthora species were confined to specific families, providing 
little evidence for host specialization in this forest. Instead, Phytophthora species displayed 
host preference rather than strict specificity. As illustrated by several studies (Arnold & Lutzoni 
2007; Dickie, 2007; Ishida et al., 2007; Tedersoo et al., 2008; Schimann et al., 2017), fungal 
communities may be influenced at different taxonomic levels of hosts. However, host 
taxonomic family effect has been shown to exist for two different fungal ecological groups: 
tropical epiphytic fungi (Kembel & Mueller, 2014) and temperate ectomycorrhizal fungi 
(Tedersoo et al., 2013). Moreover, foliar plant pathogens do exhibit a phylogenetic signal in 
Neotropical forests (Gilbert & Webb, 2007). 

However, because Phytophthora inoculum (motile zoospores) is known to be 
disseminated by stream and run-off from ground surfaces, sudden and heavy rainfall in tropical 
climates may be favourable to a rapid dissemination within both sites studied, therefore 
homogenising Phytophthora inoculum throughout local forests and blurring host taxonomy 
effects. Studying fine roots communities, instead of soil communities, could be an alternative 
method to detect host-specific Phytophthora species. Indeed, Khaliq et al., 2018, retrieved 25 
different Phytophthora species on fine roots in urban parks environment, compared to nearly 
half that amount (13) in soil. 

The community we studied is dominated by large host spectrum species such as 
P. heveae-like, P. cinnamomi and P. castaneae-like. Although initially described in rubber tree 
plantations in south east Asia, P. heveae is mainly a known pathogen of fruits of avocado and 
cocoa (Turner, 1968; Ochoa-Ascensio, 2011) while P. castaneae has been described as 
infecting chestnut trees (Katsura, 1976). However, in natural environments, they are mostly 
described as present in soils without causing symptoms to neighbouring trees (Ko et al., 2006; 
Zeng et al., 2009; Jung et al., 2017). The fact that generalists dominate fungal communities in 
Neotropical forests has already been described (Ferrer & Gilbert, 2003; Schimann et al., 2017). 
Specialists may therefore be represented by very rare species. 

Our study revealed that Phytophthora does not appear to be a promising agent of 
negative density dependence and Janzen-Connell effects in these French Guianan forests. 
However, only temporal demographic data, including long-term survival analysis of tropical 
seedlings, will ultimately arbitrate this result (Gilbert et al., 2001). Alternatively, other groups of 
plant pathogens, such as fungi, could play the prominent role in these forests. We suggest that 
a general survey of plant pathogens across phyla and in different Neo-tropical forests, would 
represent an ambitious yet extremely meritorious initiative. 

Experimental Procedures 

Sampling and location description 

Soil was sampled in plots located in two regions, in coastal French Guiana, 137 km apart 
from each other (Fig. 1), Laussat region (5.48° N, 53.60° W, 4 plots) in mid-April 2015 and in 
the “Centre Spatial Guyanais” (abbreviated as CSG, 5.22° N, 52.84° W, 6 plots) in February 
and March 2015. These plots belonged to the three main forest environments in French 
Guyana: white sand (WS, 1 plot in Laussat and 2 in CSG), terra firme (TF, 2 plots in Laussat 
2 in CSG), and seasonally flooded forests (SF, 1 plot in Laussat and 2 in CSG). Each plot was 
10.000 m2. These three types of environments are described in Randall, 2017. The sample 
locations were relatively undisturbed. In each plot, 50 to 60 saplings (2-3 m in height) belonging 
to ten taxonomic families were selected for sampling (two to twelve individuals per family). The 
sampled saplings did not present any visible symptoms of disease. The host families were 



Burseraceae, Chrysobalanaceae, Fabaceae, Lauraceae, Lecythidaceae, Malvaceae, 
Moraceae, Myrtaceae, Rubiaceae and Sapotaceae. Focal families were selected for their 
relatively large distribution across Amazonian forests within the targeted environment types 
and the breadth of Angiosperm diversity they represent, as they belong to three major 
Angiosperms clades: the Asterids, Rosids and Magnoliids (see Fig. 5 for their repartition into 
these clades). Three soil samples 5-10 cm deep were collected at 15-40 cm from the stem 
collar after removing the litter at the base of each sapling. In each plot, soil samples collected 
from saplings belonging to the same family were then pooled. As all ten tree families could not 
be found in all ten plots, the number of pooled soil samples was 93. 

 

Figure 1. Sampling sites of the French Guiana experiment. A: Map of French Guiana showing 
the locations sampled for this study (B=Laussat ; C=CSG). B and C : Maps of Laussat 
(left) and CSG (right) showing the sampled plots as red dots. “Plateau” = Terra firma 
environment. 

Baiting and isolation 

For each soil sample, two 1 l plastic containers filled with 200 mL of homogenised soil 
submerged by 500 mL of distilled water were prepared for baiting. In one container, three 
leaves of Rhododendron 'Cunningham's White' were placed floating upon the water, while the 
other received one leaf each of Cassava (Manihot esculenta) or Avocado (Persea americana). 
Care was taken to select flat leaves so to have homogeneous contact between the bait and 
the water. After three days of incubation at 20-22 °C, bait leaves were collected and weighed. 
The number of lesions was quantified on Rhododendron leaves only, because lesions became 
immediately too large and confluent on Cassava and Avocado leaves, preventing accurate 
quantification of infections. For each combination of bait leaf x soil sample, up to 10 lesions 
were cut and placed in Petri dishes containing a Phytophthora selective medium (V8 juice agar 
complemented with 10 mg L-1 pimaricine, 250 mg L-1 ampicilline, 10 mg L -1 rifampicine, 67 
mg L-1 hymexazol, 15 mg L-1 benomyl). After 48 hours incubation in the dark at 25°C, 
mycelium was transferred onto new Petri dishes containing the same medium previously 
described for up to 5 putative Phytophthora distinct colonies per soil sample per bait leaf 
combination, preferentially selecting isolates with different morphology. After an additional 48-
72 hours period of incubation, the mycelium was collected for DNA extraction, using the 
DNeasy 96 Plant kit (Qiagen) according to the manufacturer’s instruction. PCR products were 
amplified from this genomic DNA using the ITS6-ITS4 primer pair targeting the ITS region, 
using the PCR protocol from Cooke et al. (2000), and the YPh1F-YPh2R primer pair targeting 
RAS-Ypt gene, using the PCR protocol from Weir et al. (2015). Finally, 366 Phytophthora 
isolates were sequenced in both directions with the Sanger method. The different steps of the 
sampling, baiting, isolation and molecular identification process are reported in Fig. 2. 



Additionally, as P. cinnamomi is a very important invasive species found worldwide, 
usually present as only one of the mating types (Erwin & Ribeiro, 1996), the P. cinnamomi 
isolates retrieved from our samples were further characterized by determining their mating 
type. They were paired with A1 and A2 mating types of P. cinnamomi isolates from a reference 
collection, using the method described by Zentmyer (1979).  

Phylogenetic analysis of isolates  

As clade 5 isolates (phylogenetically close to P. castaneae and P. heveae) were the 
most frequent in our study, twenty of these isolates were selected for further investigation of 
their genetic diversity. We selected these isolates to maximize their ITS sequence diversity. 
We then sequenced for each one the RAS-YPT gene and three additional genetic markers, 
Cox, Enolase and NADH genes (see (Weir et al. 2015) for the method used). Multiple 
sequence alignments for each gene were made using Seaview 4.0 (Gouy et al. 2010). 
Bayesian inference (BI) was used to reconstruct the phylogenies using MrBayes v. 3.2.2 
(Ronquist et al. 2012) for the two categories of sequences: first, a concatenation of the 
mitochondrial markers (Cox and NADH), and secondly another concatenation of the nuclear 
markers (ITS, RAS-Ypt and Enolase). Nuclear genes showed congruent phylogenies, and so 
did mitochondrial genes. However, the phylogenies were not congruent between nuclear and 
mitochondrial genes, so we did not create a tree based on all five genes. Sequences of clade-
5 Phytophthora from Weir et al. were used as references, and in both trees, P. multivora was 
used as outgroup. Two P. cinnamomi isolates (clade-7) from Laussat and two from CSG were 
also randomly selected and sequenced for the same markers. 

Metabarcoding and Illumina Miseq sequencing 

As detailed in Figure 1, two sets of DNA samples were created by extracting DNA from 
either (1) the 93 soil samples or (2) the 264 bait leaves corresponding to the three different 
bait species (Rhododendron, Avocado and Cassava, i.e. 93 x 3 bait leaves, minus 15 leaves 
showing no infection and discarded for further analysis). Soil samples were air-dried and 
sieved (2 mm mesh size). DNA extraction was performed using MP Biomedical Fast DNA™ 
SPIN Kit for soil on 500 mg of dried soil according to the manufacturer’s instructions. Bait 
leaves were dried and ground using liquid nitrogen, and DNA of 500 mg leaf samples was 
extracted using DNeasy 96 plant kits. 

PCR products were amplified from these 357 DNA samples using a nested PCR 
approach: the primer pair oom18SITS7 was used for the first round and the primer pair 
18Ph2F/5.8-1R for the second round. The PCR protocol and the primer sequences are detailed 
in (Legeay et al., 2019). In order to detect potential contaminants, fifteen control samples, 
consisting of pure distilled water added to the PCR mix, were included in the same PCR plates. 
The multiplexing and the Illumina MiSeq sequencing (half-run) were done by the GeT-PlaGe 
platform of Toulouse (http://get.genotoul.fr/). 

Bioinformatics analysis 

Sequences were sorted and trimmed according to their quality using Mothur (Schloss et 
al., 2009) and Usearch (Edgar, 2010). Unfortunately, the quality of R1 and R2 reads was 
medium and the depth of sequencing was very heterogeneous between the samples. The R2 
reads were finally retained because they covered the ITS1 nucleotide polymorphism region. 
The reads were then dereplicated to remove duplicated sequences and sorted by decreasing 
abundance, and the singletons were discarded using the sortbysize command of Usearch. 
Sequences were then clustered together to make consensus mOTUs with 99% similarity 
threshold, using cluster_otus command of Usearch. Generated mOTUs were taxonomically 
assigned using the BLAST algorithm against a database extracted from the NCBI database, 
containing all sequences assigned to Oomycetes with the “ITS “and “Internal Transcribed 



Spacer” keywords in their definitions. OTUs assigned to the same species were merged 
according to their taxonomic identity at the species level. Given the heterogeneity of the 
sequencing depth, we defined a compromise between the maximum number of samples and 
the minimum number of reads in each sample to cover the optimal diversity of Phytophthora. 
In addition, because the Sanger sampling has much less depth than metabarcoding, and 
because Phytophthora diversity is known to be relatively low, we chose to submit the 
metabarcoding library to processes of decreasing random subsampling. As illustrated in Figure 
S2, we could have kept only a hundred samples (n=120) with a sequencing depth > 1000 reads 
(Fig. S2, insert D). However, compared to Sanger sequencing data, this depth of sequencing 
does not allow the identification of additional Phytophthora species. Consecutively, we chose 
to normalize the samples by subsampling 72 reads because this was the number of reads 
which maximized the quantity of rare species retrieved in all samples (Fig. S2, insert B). 
Indeed, this Phytophthora diversity was identical to that observed with 1000 reads per sample 
from 120 samples. Due to quantitative distortions using these amplification and sequencing 
methods (Legeay et al., 2019), sequencing results were only analyzed qualitatively (i.e. 
presence or absence of species). ITS sequences were deposited in GenBank under the 
accession numbers MH938206 - MH938223. The sequences of RAS-Ypt, Enolase, Cox and 
NADH regions are available in the DRYAD database (http://datadryad.org/). DRYAD entry 
doi:XXXXX. The Miseq raw data were deposited in the Sequence Read Archive 
(http://www.ncbi.nlm nih.gov/sra) as SUB5066167 (temporary access number). 

Data analysis 

The efficiency of isolation from baits was studied by analysing the likelihood that a 
retrieved isolate was a Phytophthora species using a mixed logistic regression with a logit link, 
taking into account the bait leaf species, the environment, the host plant family and the location 
(glmer function of R). The plot was added as a random factor. 

The number of lesions per bait leaves was analysed as a surrogate for the quantity of 
Phytophthora inoculum in soil. Effects of the different factors, host plant family, environment 
and location, on the number of lesions per bait leaf weight were tested with a generalized linear 
model using a Poisson distribution and a log link, with the medium leaf weight as offset (glmer 
function of R). The plot was added as a random factor. 

Differences in the composition of Phytophthora communities between the different 
methods, environments, locations and host families were tested by Permutational Multivariate 
Analysis of Variance (PERMANOVA) using the adonis function (number of permutations = 
500) in the vegan package of R (Oksanen et al., 2016). As all information on Phytophthora 
species composition could not be used in the metabarcoding data, in particular on P. heveae 
and P. castaneae complexes, a second analysis was performed using only the data from the 
baiting/isolation study. To further characterize the diversity of communities in the different 
environment / families, we computed the Shannon diversity index for each host family and 
each “environment x location” level using diversity function from the vegan package. 
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